. "The distribution of the mid-to-lower crustal low-velocity zone beneath the northeastern Tibetan Plateau revealed from ambient noise tomography. 
Introduction
The Tibetan Plateau, with an average elevation of 4-5 km above sea level and a crustal thickness of about 60-80 km, is the product of the northward convergence of the Indian Plate toward the Asian Plate sincẽ 50 Ma [Molnar and Tapponnier, 1975; Rowley, 1996; Yin and Harrison, 2000] and has been a prime site to understand the processes of continental collision and mountain building. Many models have been proposed to explain the formation of the Tibetan Plateau, and they can be generally sorted into: (1) uniform shortening and thickening of the Asian lithosphere [e.g., Dewey and Burke, 1973; England and Houseman, 1986] , (2) underthrusting of the Indian continental lithosphere beneath the plateau [e.g., Barazangi and Ni, 1982; Owens and Zandt, 1997; Tilmann et al., 2003; Chen and Tseng, 2007] , (3) the viscous flow model, in which the uplift of the plateau is associated with the flow in the mid-to-lower crust and/or upper mantle [e.g., England and Houseman, 1989; England and Molnar, 1997; Royden, 1996; Royden et al., 1997 Royden et al., , 2008 Clark and Royden, 2000; Shen et al., 2001; Beaumont et al., 2001] , and (4) the block extrusion/tectonic escaping of the Asian lithosphere along major strike-slip faults [Burchifel et al., 1989; Tapponnier et al., 1982 Tapponnier et al., , 2001 ].
There is no doubt that the northward subduction or underthrusting of India toward Asia has played a significant role in the rise and growth of the plateau. But to understand the growth of the plateau, we must also look at other boundaries that define the plateau, including the northeastern Tibetan Plateau, a tectonically active and complex area that features multiple terrains and is geographically defined by the Haiyuan fault system in the northeast, the eastern Kulun fault system in the southwest, and the Altyn Tagh LI ET AL. • Figure S1b • Figure S1c
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• Figure S2 • Figure S3a • Figure S3b Correspondence to: H. Li, lih@cugb.edu.cn Compared to the southern Tibetan Plateau, the northeastern Tibetan Plateau has relatively fewer seismic studies [e.g., Wittlinger et al., 1996; Zhu and Helmberger, 1998; Vergne et al., 2002; Rapine et al., 2003; Wittlinger et al., 2004; Zhao et al., 2006; Kumar et al., 2006; Shi et al., 2009; Li et al., 2012; Zhang et al., 2011a; Karplus et al., 2011; Yue et al., 2012] , which are either highly localized along linear seismic profiles or have focused on the Moho discontinuity or the lithospheric mantle structure with the primary objectives of understanding the lithosphere interaction. Therefore, a detailed and comprehensive imaging of the crust across this margin is still critically needed to understand the crustal structure and to answer the question about the existence and extent of the mid-to-lower crustal flow beneath the northeast plateau margin.
In this paper, we apply the ambient noise tomography technique to image the crustal velocity structure in the northeastern plateau margin, which covers the Qilian Orogen, the western Qinling Orogen, the Qaidam Basin, and the eastern part of the Qiantang and Songpan-Ganze Terranes. We collected continuous seismic data recorded between 2007 and 2010 by 208 seismic stations from the Chinese Provincial Digital Seismic Networks, A Seismic Collaborative Experiment of Northern Tibet (ASCENT), and the Northeastern Tibet Seismic (NETS) experiment, obtaining a much denser data coverage of the northeastern Tibetan Plateau than in previous studies. In Figure 1 , the vertical components of the seismic data are cross-correlated to estimate the Rayleigh wave Green's functions. Lateral variations of group and phase velocities are inverted from the Rayleigh wave dispersions, and the 3-D V sv model is constructed based on the Rayleigh wave tomography results. Our results show that the Qiangtang and Songpan-Ganze Terranes feature a prominent low-velocity zone (LVZ) in the middle crust, and the midcrustal LVZ thins out in the vicinity of the eastern Kunlun Mountains. A relatively weak LVZ in the middle crust is also observed beneath the northwestern Qilian Orogen, where a locally deeper Moho is observed. We suggest that the crustal thickening and the local LVZ beneath the northwestern Qilian Orogen reflect an intracrustal response associated with the shortening between the North China Craton and the Tibetan Plateau.
Data and Dispersion Analysis
In this study, we collected continuous vertical component seismic data recorded during the years 2007-2010 by 208 stations from the Chinese Provincial Digital Seismic Networks, and the temporary ASCENT and NETS experiments. The previous studies Yang et al., 2010 Yang et al., , 2012 have given detailed descriptions of the seismic networks except for the NETS experiment; therefore, here we only introduce the NETS array deployed by China University of Geosciences in Beijing, Chinese Academy of Geological Sciences, University of Rhode Island, University of Houston, and University of Missouri. Figure 1 (black stars) shows the NETS array consisting of 35 broadband stations equipped with 26 Guralp CMG3ESP sensors and 9 Guralp CMG3TD sensors and was operated between June 2008 and July 2010 in the northeastern plateau margin.
The data processing procedure and data selection criteria for cross correlation are the same as described in our previous studies [Li et al., 2010 Yang et al., 2012] and therefore not elaborated here. After cross correlating, we cut the cross correlation function into positive and negative time lags and then add the two lags to generate an averaged cross correlation. The group and phase velocity dispersion curves between 8 and 50 s are extracted by time frequency analysis based on the multiple filter technique with phase-matched processing to isolate the fundamental mode surface waves [Dziewonski et al., 1969; Herrmann, 1973] . Since the dispersion curves here are taken from more than 12 month stacks in this study, we computed the standard deviation for a station pair if more than four 3 month stacks have a signal-to-noise ratio >8, and we have discarded the measurements with standard deviations that are larger than 120 m/s.
In Figure 2 , we show synthetic examples to illustrate how a LVZ in the crust affects dispersion curves. Figure 2c shows the group velocity dispersion curves generated from the models with a LVZ showing a pronounced velocity minimum around 26 s with a 50 km Moho and around 36 s with a 70 km Moho. So a vertically localized minimum of shear wave velocity in the crust can produce a pronounced change in the group velocity dispersion curve. However, since the group velocity dispersion curve usually does not increase monotonically and usually has a velocity minimum associated with the airy phase at around 20 s, it is hard to distinguish the effects of the LVZ in the crust only from the gradient of the dispersion curve. Figure 2d (dotted lines) shows that when a midcrustal LVZ is present in the models with either a shallow or deep Moho, the phase velocity dispersion curves are flattened or concaved, different from those without a midcrustal LVZ. Figure 3 displays the measured group and phase velocity dispersion curves for station pairs located in different geological regions. In Figures 3b-3f , we note that all the dispersion curves measured from the station pairs located in the Songpan-Ganze Terrane and the northwestern Qilian Orogen show a decrease in group velocity with periods between 16 and 36 s and a flattened or concave phase velocity between 10-20 s. In contrast, in Figures 3g-3i , the dispersion curves of the station pairs located in the Qaidam Basin and the southeastern Qilian Orogen generally exhibit an increase in group velocity with periods greater than 24 s and convex phase velocity. It is also apparent that the station pairs located in the Qaidam Basin have much lower group and phase velocities at short periods than the one located in the southeastern Qilian Orogen. Figure 4a gives the number of Rayleigh wave group and phase velocity dispersion measurements at periods between 8 and 50 s. In total, in Figures 4b and 4c, more than 5000 station pairs were used to invert for the Rayleigh wave group and phase velocity distributions. To understand the resolution, the study area is discretized into a 0.4°× 0.4°grid, and each grid has a constant velocity of 5% above or below an average velocity of 2.9 km/s to form a checkerboard pattern. Velocities between grid nodes are computed with bilinear interpolation. The Occam's inversion technique [Constable et al., 1987; deGroot-Hedlin and Constable, 1990 ] is adopted to invert for the velocity distributions. The final obtained model is the result of a compromise between achieving a good data variance reduction and maintaining a reasonable smoothness for the velocity model. A recent application with detailed discussion of this method can be found in the works of Li et al. [2009] . As seen in Figures 4d and 4e , the lateral resolution of group and phase velocities at 24 s is about 40-50 km in most parts of the study area except in the margins where the paths are few or generally in one direction without crossing each other. At periods less than 40 s, the path coverage is generally good, and lateral resolution remains about 40-50 km ( Figure S1 in the supporting information). At periods longer than 40 s, the path coverage becomes worse, and the lateral resolution decreases to about 80-100 km. In the above estimates, the effects of finite frequency wave propagation are not accounted for, so the true scales of resolvable structures are likely larger. Nevertheless, these estimates provide a way to compare with earlier studies using similar methods.
Group and Phase Velocity Tomography
The group and phase velocities of the Rayleigh wave at periods of 10, 24, 34, and 40 s are shown in Figure 5 . At the short periods (<20 s), surface wave velocities are mainly sensitive to the upper crust velocity structure. Since sediments feature much slower seismic velocities than crystalline rocks, sedimentary basins usually stand out as low-velocity anomalies at short periods. The 10 s period group and phase velocity maps shown in Figure 5 clearly exhibit low velocities beneath the Qaidam Basin.
At 24 s period, Figure 5b shows that low group velocities still persist beneath the Qaidam Basin due to the influence of sedimentary layers. Velocities beneath the Qiangtang and Songpan-Ganze Terranes appear lower overall than the surrounding regions at this period and at the intermediate and long periods (24-50 s). In Figure 5f , the Qiangtang and Songpan-Ganze Terranes also have the lowest phase velocities at this period, although the pattern of the phase velocity is somewhat different from the group velocity distribution. The difference between the group and phase velocity maps may reflect different sensitivities of group and phase velocities to velocity changes with depth as shown in Figure S2 in the supporting information.
At periods longer than 30 s, Rayleigh wave velocities are influenced by the Moho depth and shear velocities in the lower crust and the uppermost mantle. As seen in Figure 5 , in Figure 6g the group and phase velocity maps at periods from 30 to 40 s are inversely correlated with the Moho depth [Zhang et al., 2011b; Yue et al., 2012] , with high velocities in areas with shallow Moho depth and low velocities in areas with deep Moho depth. Furthermore, it is evident that at periods longer than 30 s, the northwestern Qilian Orogen generally exhibits lower velocities than the southeastern Qilian Orogen, which are also mostly due to the differences in the Moho depth between the northwestern and southeastern Qilian Orogens. 
Three-Dimensional V sv Velocity Structure
From the above group and phase velocity distributions, we first extract the pure path dispersion curves at each node on a 0.4°× 0.4°grid and use the pure path dispersion curves to invert for a set of 1-D V sv velocity structure at each grid node using a program developed by Herrmann and Ammon [2004] with linear steps. Then the 1-D profiles are assembled together to construct the final 3-D V sv velocity model. Since surface wave velocities are most sensitive to the shear wave velocity, we invert only for shear wave velocities. During the inversion, we assumed constant velocity and density in each layer. The Vp/Vs ratio of each layer is fixed to 1.75, and the P wave velocity is updated accordingly as the S wave velocity changes, then density is calculated using the Nafe-Drake relation. Layered starting models from the surface down to 120 km overlying on a half space are adopted in our inversion, and the layer thickness is 5 km for the top 50 km and 10 km for the next 70 km as shown in Figure S3 (dashed line) in the supporting information. Because of surface waves' limited ability in resolving the velocity discontinuity and the trade-off between the shear wave velocity and the crustal thickness, the initial shear wave velocity models and Moho depths are referred to previous tomography and receiver function results [Huang et al., 2003; Pan and Niu, 2011; Zhang et al., 2011b; Yue et al., 2012] . The Moho depths are shown in Figure 6g .
In Figures 6a-6e , we give the observed and predicted (from the shear wave velocity structure in Figure 6f ) pure path group and phase velocity dispersion curves for five grids located in the Songpan-Ganze Terrane, In Figure 6f , we exhibit the V sv velocity structure at the five grids. The Qaidam Basin has very low velocities at shallow depths, consistent with a thick sediment layer at the top. The Songpan-Ganze and Qiangtang Terranes have a very obvious low-velocity layer at depths of~20 km to 40 km. The eastern Kunlun Mountains have similar features as those of the Songpan-Ganze and Qiangtang Terranes. The northwestern Qilian Orogen displays a weak low-velocity layer at depths of~20 km to 40 km; however, there is no low-velocity layer beneath the southeastern Qilian Orogen.
In Figure 7a , we plot the V sv velocities averaged from the surface to 20 km depth. The velocity distribution correlates well with surface geology. The low velocities are confined predominantly to the Qaidam Basin due to its thick sedimentary cover, and faster velocities appear in the nonbasin regions. Figure 7b 
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southeastern Qilian, and the northwestern Qilian Orogen features a relative high heat flow value of 66 mWm À2 [Wang, 2001] . These differences are indicative of a hotter and weaker lithosphere beneath the northwestern Qilian Orogen. Recent phase velocity tomography across the whole plateau [Yang et al., 2012] also observed low velocities at depths of 15 and 30 km beneath the northwestern Qilian Orogen, although their lateral resolution is about 100-200 km. Surface wave tomography based on ambient noise and earthquake data [Bao et al., 2013] showed a 20 km thick, isolated midcrustal LVZ beneath the northwestern Qilian Orogen. Receiver function results from the works of Yue et al. [2012] revealed that there is an~10 km difference in the Moho depth between the northwestern and southeastern Qilian. Beneath the northwestern Qilian Orogen, the average crust thickness is about 60-65 km. In contrast, the southeastern Qilian Orogen has an average Moho depth around 50 km. Therefore, both the midcrustal LVZ and the deep Moho can contribute to the differences in the dispersion curves between the two areas.
The V sv velocities averaged from 41 to 65 km depth are given in Figure 7c . The velocity features in this depth range are generally the same as in Figure 7b . Due to the relatively thin crust beneath the Qaidam Basin, 
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southeastern Qilian Orogen, and western Qinling Orogen, the velocities reflect the mean velocities of the lower crustal and the uppermost mantle. In the northwestern Qilian Orogen, Songpan-Ganze, and Qiangtang Terranes, however, the Moho depth reaches about 65-80 km; therefore, this depth is still a lower crust depth, and apparent low velocities reside in these regions. The profile A2-A2' along 96°E, which crosses the southeastern Qiangtang Terrane, the eastern Songpan-Ganze Terrane, the southern Qaidam Basin, and the northwestern Qilian Orogen, also shows a thick sedimentary cover beneath the Qaidam Basin. A prominent midcrustal LVZ is revealed beneath the Qiangtang and SongpanGanze Terranes and terminates beneath the Qaidam Basin. The extent and amplitude of the LVZ beneath the Qiangtang Terrane appear much stronger than beneath the Songpan-Ganze Terrane. However, since it is close to the margin of our study area, the resolution beneath the southeastern Qiangtang Terrane is not very good and it could be a consequence of smearing, and more data in a wider study region are required to verify this. We note that the northwestern Qilian Orogen also presents a relatively weak LVZ (~20-40 km) compared with the Qiangtang and Songpan-Ganze Terranes. The distribution of this feature correlates roughly to the region with a relatively thick crust from recent receiver function studies [Yue et al., 2012] .
The profiles A3-A3′ along 98°E and A4-A4′ along 100°E, through the Songpan-Ganze Terrane, the southern edge of the Qaidam Basin, and the northwestern Qilian Orogen, are similar to the profile A2-A2′. A LVZ exists in the middle crust beneath the Songpan-Ganze Terrane but apparently disappears around the eastern Kunlun Mountains, and a weak LVZ also resides beneath the northwestern Qilian Orogen. In the profiles A5-A5' along 102°E and A6-A6' along 104°E, starting from the eastern Songpan-Ganze Terrane and ending in the southeastern Qilian orogeny, the LVZ exists in the Songpan-Ganze Terrane but obviously becomes weak near the eastern Kunlun Fault. No crustal LVZ is observed in the southeastern Qilian Orogen.
In profiles B1-B1′ along 35°N, through the Songpan-Ganze Terrane to the western Qinling Orogen, the most striking feature is an evident LVZ in the middle crust beneath the Songpan-Ganze Terrane. In profiles B2-B2′ along 37°N and B3-B3′ along 38.2°N, starting from the Qaidam Basin, across the northwestern Qilian Orogen and reaching the Alxa Block, a very weak low-velocity layer in the middle crust exists beneath the northwestern Qilian Orogen.
Discussion
To assess whether the midcrustal LVZs are widespread in the northeastern Tibetan Plateau in a more quantitative way and whether the Kunlun Fault can be considered as a significant rheological boundary between the weak, the warm Tibetan crust, and the rigid Qaidam Block, we present two different measurements of a LVZ, following Yang et al. [2012] :
As in the works of Yang et al.
[2012], we set the reference shear wave velocity, V ref = 3.45 km/s, since a dry crustal metamorphic rock at 30 km depth near the melting point has a shear wave velocity of about 3.45 km/s [Litvinovsky et al., 2000] . This velocity is also the average velocity across the northeastern plateau between 20 and 40 km depth as shown in Figure 7b . Therefore, a negative value from the first equation indicates a likely presence of melt/fluid at 30 km in the crust or/and compositional differences. In equation 2, V max (0-20 km) denotes the highest shear wave velocity between the surface and the 20 km depth, and V ref has the same definition as in equation 1. Equation 2 thus identifies areas with a vertically localized shear wave velocity minimum. Figure 9 shows that the two definitions of the LVZ depict a generally similar distribution of the LVZ beneath the northeastern Tibetan Plateau. Pronounced LVZs primarily exist beneath the Songpan-Ganze and Qiangtang Terranes. We note that the northwestern Qilian Orogen is also delineated by negative anomalies (LVZ). Furthermore, the negative anomaly can be clearly seen beneath the east Kunlun Mountains, west of 98-100°E, but becomes weak or disappears east of 98-100°E, where the Kunlun Fault system bifurcates into two branches.
Results from analysis of phase velocity in Tibet [Yang et al., 2012] also showed that the Songpan-Ganze and Qiangtang Terranes and the northwestern Qilian Orogen exhibit lower velocities in the mid-to-lower crust at
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a lateral resolution about 100-200 km. From the joint inversion of ambient noise and earthquake data, Bao et al. [2013] also revealed an isolated midcrustal LVZ at a depth range of 20-40 km beneath the northwestern Qilian Orogen, the area with a thickened crust and the highest topography compared with its surrounding regions, but the horizontal resolution of their tomography results is~2°in the northeastern plateau. They suggested that the northeastern plateau is young and growing northward, so the isolated LVZ beneath the northwestern Qilian Orogen may represent an early stage of the LVZs that have developed in other parts of the plateau; however, their results have poor resolution beneath the Qaidam Basin; thus, it is hard to evaluate the spatial continuity or connectivity of the crustal LVZs beneath the central and northern plateau and the northwestern Qilian Orogen. Recent magnetotelluric studies [Pape et al., 2012] found that a finger-like extension of the midcrustal conductive anomaly to the north, weakening the Kunlun Mountains crust, stops at the east Kunlun-Qaidam border. They suggested that a melt intrusion at the northern edge of the plateau compromises the previous identification of the Kunlun Fault as an important rheological boundary, and the crustal melt penetration probably characterizes the growth of the plateau to the north, as well as accommodates the north-south crustal shortening in the plateau.
Seismic studies based on waveform modeling suggest a 15 to 20 km Moho offset occurring over a narrow lateral range less than 5 km near the east Kunlun-Qaidam border [Zhu and Helmberger, 1998 ]. Receiver function studies found a Moho offset of 10-12 km about 30 km north of the east Kunlun-Qaidam border [Vergne et al., 2002] , and a 15 km sharp crustal thickness change around 98°E [Shi et al., 2009] . Active source seismic profiles also showed a Moho step with a 9 km offset around the surface location of the east KunlunQaidam border [Li et al., 2004] . [Wang, 2001] . Wang [2001] proposed that a thick crust can decrease the total strength of the lithosphere due to the significant difference in rheological properties between crustal and mantle lithologies. Crustal thickening and tectonic reactivation of the Qilian Orogen in Cenozoic could cause its relative high heat flow values. Its weak lithosphere with a weak lower crust as well as active seismicity are the prominent characteristics of the Qilian Orogen. In the northern Tibetan Plateau, most Cenozoic magmatic rocks originated from low-degree melting or enriched mantle sources. Crust-derived magmas are scarce. However, a recent petrological study by Wang et al. [2012] reported the finding of crust-derived magmatic rocks, tourmaline-bearing mica, and biotite rhyolites in the Bukadaban-Malanshan area, southern Kunlun Mountains. They suggested that the Bukadaban-Malanshan rhyolites resulted from the partial melting of metasedimentary rocks at~0.5-1.2 GPa and 740-863°C, corresponding to depths of~16-40 km and a rather long-lived crustal melting history from the mid-Miocene to recent beneath the northern Tibetan Plateau. Therefore, they argued that the felsic magmas which originated from partial melting of the mid-to-lower crust at depths of 16-40 km are consistent with the observations of weak layers with lower seismic velocity and higher-conductivity zones in the mid-to-lower crust, and the crustal flow could be responsible for the formation of crustal inflation and surface uplift in the northern Tibetan Plateau.
On the basis of Klemperer's flow pattern model [Klemperer, 2006] , combining our seismic observations with previous geophysical and geological studies [Karplus et al., 2011; Pape et al., 2012; Wang et al., 2012] , we propose that the northern boundary of the mid-to-lower crustal flow regime in the northern Tibetan Plateau is the north Kunlun thrust fault, which marks an abrupt change from a thick crust into a seismically faster and stronger thin crust as shown in Figure 10 . The local LVZ beneath the northwestern Qilian Orogen is mainly caused by the crustal thickening of the northwestern Qilian Orogen crust, and the LVZ may be the intracrustal
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response to accommodate the shortening between the North China Craton and the Tibetan Plateau. The crustal thickening and ongoing NE-SW shortening of the northwestern Qilian Orogen may generate heat that causes partial melting/fluids in the crust as indicated by the low shear velocities, a relative high heat flow value and low magnetotelluric resistivity.
Conclusions
In 
